BACKGROUND: the standard treatment for locally advanced rectal cancer is preoperative cheimoradiation and total mesorectal excision. after surgery, tumors are classified according to the depth of tumor invasion, nodal involvement, and tumor regression grade. however, these staging systems do not provide information about the distribution of residual cancer cells within the bowel wall.
t he goal of neoadjuvant chemoradiation therapy (CRt) in patients with locally advanced rectal cancer is to increase local tumor control and improve the potential for sphincter preservation. 1,2 although most rectal cancers regress to some extent after CRt, the degree of tumor response is variable. Whereas some tumors change minimally in size, others are completely eradicated by CRt and have a pathologic complete response (pCR). numerous studies have demonstrated that patients with rectal cancer who have a pCR after CRt have lower recurrence and improved survival in comparison with patients who do not have a pCR. 3, 4 the improved prognosis associated with a pCR questions the need for a total mesorectal excision (tme) or any surgery at all in these patients. a number of retrospective case series have reported promising results with a "wait and watch" approach in selected patients who refused surgery or were considered unfit for laparotomy and bowel resection and in select patients who developed a clinical complete response (cCR). [5] [6] [7] the idea of sparing the rectum in patients who respond to CRt is also being prospectively explored by a number of institutions worldwide. [5] [6] [7] [8] [9] [10] however, not every patient with a cCR has a pCR, and imaging studies cannot accurately identify patients with minimal residual disease. [11] [12] [13] [14] Presently, histopathological assessment of the surgical specimen after tme is the only reliable way to identify patients with a pCR after CRt. 8, 10, 15 the seventh edition of the american Joint Committee on Cancer (aJCC) staging manual recognizes a modified pathologic staging for tumors that have received neoadjuvant therapy. 16 this post-neoadjuvant therapy tumorstaging system (yptnm) is based on the maximal depth of tumor penetration in the bowel wall (ypt) and the involvement of the regional lymph nodes (ypn), and the presence or absence of distant metastasis (m). the aJCC also ranks the tumor regression grade (TRG) on a 4-point scale, with TRG0 representing a complete response and TRG3 indicating a poor response. 16 however, these histological classifications do not specify the distribution of the residual cancer cells (RCCs) within the different layers of the bowel wall (mucosa, submucosa, muscularis propria, and subserosa). understanding the distribution of RCCs within the layers of the bowel wall after CRt may help clinicians develop strategies to diagnose a pCR before removing the rectum. We examined the distribution of RCCs in the different layers of the bowel wall in 153 patients with rectal cancer treated with neoadjuvant CRt and tme.
MATERIALS AND METHODS

Patients and Treatment
this study included patients with clinical stage ii (ct3-4, cn0) or stage iii (any ct, cn1-2) invasive adenocarcinoma of the rectum with a distal tumor border within 12 cm of the anal verge, as measured on rigid proctoscopic examination, who were enrolled in the timing of Rectal Cancer Response to Chemoradiation study, a multi-institutional clinical trial investigating the effect of increasing the CRt-to-surgery interval and adding chemotherapy, modified folfoX-6 (mfolfoX-6), during the waiting period (Clinicaltrials.gov. unique identifier: nCt00335816). this trial was designed in a series of sequential phase II trials or study groups (SGs), each with a progressively longer CRt-to-surgery interval and increasing cycles of preoperative mfolfoX-6. this study was approved by an institutional review board at each participating institution as well as a central institutional review board, and informed written consent was obtained from each patient before enrollment in the trial. Patients included in the present study were pooled from SG1 (n = 49), SG2 (n = 54), and SG3 (n = 50); total n = 153. Only patients with available pretreatment tumor biopsy and surgical specimen tumor blocks were included in this study. Pretreatment tumor biopsies were used to confirm the diagnosis of adenocarcinoma. further details of patient eligibility for this trial are presented elsewhere. 17
Treatment Protocol
Patients in all SGs were treated with CRT: 5-fluorouracil and a total of 50.4 Gy of radiation as described previously. 17 Patients in SG1 underwent TME an average of 6 weeks after completing CRt (standard of care). after CRt, patients in SG2 and SG3 with no evidence of stable disease received 2 and 4 cycles of additional chemotherapy (mfolfoX-6), as described previously. 17, 18 Patients in SG2 underwent TME an average of 11 weeks after completing CRT, and patients in SG3 underwent TME an average of 16 weeks after completing CRt. the clinical outcomes for these patients are presented elsewhere. 17, 18 Pathologic Staging Pathologic staging (ypTNM) and TRG were determined according to aJCC guidelines. 16 surgical specimens were processed according to the College of american Pathologists guidelines 19 as described previously (Clinicaltrials. gov. unique identifier: nCt00335816). for all patients, histological sections from pretreatment tumor biopsy and surgical specimen blocks were prepared, stained with hematoxylin and eosin, and examined by 2 independent surgical pathologists. a pCR was defined as the absence of viable tumor in the entire resected surgical specimen and in the regional lymph nodes (ypt0n0). in patients with residual tumor after CRt, the presence of RCCs in the mucosa, submucosa, muscularis propria, and subserosa layers of the bowel wall was recorded.
Statistical Analysis
Patient demographics, clinical tumor characteristics, and pathologic staging overall were compared with RCC distribution in the different layers of the bowel wall. the association of individual SGs with tumor staging was determined by using the fisher exact test. the association of individual SGs with depth of tumor invasion was analyzed by using a repeated-measures logistic regression model with invasion as outcome and an autoregressive covariance matrix. the association of maximum invasion (the deepest level of tumor invasion) with continuous measures, age and anal verge distance, was determined by using the Kendall τ rank correlation test; and for categorical measures, pretreatment T and N, pathologic T and N, and TRG (not including TRG0), the 2-sided Jonckheere-Terpstra test was used. two-sided p-values of <0.05 were considered statistically significant.
RESULTS
Patient Demographics and Tumor Response
Patient demographics overall and stratified by SG are shown in table 1. overall, the average patient age was 57 years (range, 25-87 years), and more than half (57%) of the patients were male. most patients (77%) had clinical aJCC stage iii rectal carcinoma. on clinical examination, the average distance from the anal verge was 7 cm (range, 1-14 cm). Patient characteristics including age, sex, clinical t (ct), clinical n (cn), and distance from the anal verge were not significantly different between SGs. overall, 40 of 153 patients (26%) had a pCR after CRt. of the 113 patients (74%) with residual disease (non-pCR), 79 (53%) had a moderate response (TRG1), 28 (18%) had a minimal response (TRG2), and 4 (3%) had no response to CRT (TRG3). There was a slight increase in the pCR rates in SG2 and SG3 in comparison with SG1, but the differences were not statistically significant. The distribution of TRGs were similar among the SGs. ypT and ypN were also similar between SGs.
Distribution of Cancer Cells in Layers of the Bowel Wall
the distribution of RCCs in each layer of the bowel wall overall and stratified by SG is presented in Table 2 . Overall, 42 patients (27%) had no RCCs in any layer of the bowel wall (ypT0 or TRG0), 21 (14%) had RCCs in the mucosa, 65 (42%) in the submucosa, 92 (60%) in the muscularis propria, Missing data: SG, n = 6; SG2, n = 10; SG3, n = 4.
and 53 (35%) in the subserosa/perirectal fat. the distribution of RCCs in the different layers of the bowel wall was similar among SGs (p = 0.52). It is noteworthy that 2 patients without RCCs in the bowel wall (ypT0 or TRG0) had RCCs in the mesorectal lymph nodes and were staged as ypt0n1.
Distribution of Cancer Cells in the Bowel Wall by Pathologic Stage (ypT)
the distribution of RCCs in the different layers of the bowel wall according to ypt is presented in figure 1. all 5 patients staged as yptis had RCCs present only in the mucosa. in contrast, only 4 of 12 (33%) patients with ypt1 tumors had RCCs present in the mucosa. in patients with ypt2 tumors, 6 (15%) had RCCs in the mucosa, and 23 (56%) had RCCs in the submucosa. for the 53 patients with ypt3/4 tumors, 6 (12%) had RCCs in the mucosa and 30 (60%) had RCCs in the submucosa. a total of 88 tumors were described as ulcerated by the surgical pathologist who assessed the surgical specimens.
Because tumor ulceration could potentially affect the distribution of RCCs in the different layers of the bowel wall, we repeated the analysis stratifying by tumor ulceration. the distribution of the RCCs in the different layers of the bowel wall was similar in ulcerated and nonulcerated tumors (data not shown).
Correlation Between cT and cN and ypT
to determine whether it is possible to predict the distribution of RCCs in the different layers of the bowel wall preoperatively, we examined the correlation between the ct and cN and ypT. We found a strong correlation between ct and ypt (p < 0.0001); ct2 tumors correlated with ypt0 and ypt1-2, and ct3-4 tumors correlated with the ypt3. there was no correlation between cn and ypt (p = 0.33) (table 3) .
Distribution of Cancer Cells in the Bowel Wall by cT and cN
We next examined the distribution of RCCs in the different layers of the bowel wall after CRt based on the clinical t and n ( fig. 2) . of the 12 patients with ct2 tumors, 7 (58%) had no RCCs in the bowel wall, 2 (17%) had RCCs in the mucosa, 2 (17%) had RCCs in the submucosa, and 3 (25%) had RCCs in the muscularis propria. none of the ct2 patients had RCCs within the subserosa or perirectal fat. of the 106 ct3/4 patients with RCCs in the bowel wall after CRt, 19 (18%) had cancer RCCs in the mucosa, 63 (59%) had cancer RCCs in the submucosa, 89 (84%) had cancer RCCs in the muscularis propria, and 53 (50%) had cancer RCCs in the subserosa or perirectal fat. the association between the ct and the distribution of RCCs in the different layers of the bowel wall after CRt was statistically significant (p = 0.0001). The distribution of RCCs in the different layers of the bowel wall was not associated with cn (p = 0.67).
Distribution of Cancer Cells in the Bowel Wall by TRG
We found a strong correlation between TRG and ypT for patients with RCCs (Table 4 ). Most patients with TRG1 were ypTis, ypT1, or ypT2, and most patients with TRG2 and TRG3 tumors were ypT3 (79% and 75%). These differences were statistically significant (p < 0.0001). the distribution of RCCs in the different layers of the bowel wall according to TRG is presented in Figure 3 . With the exception of the mucosa, RCCs were distributed relatively evenly in the submucosa, muscularis propria, and subserosa/perirectal fat.
DISCUSSION
our study shows that RCCs in rectal cancer specimens of patients treated with neoadjuvant CRt are distributed unequally in the different layers of the bowel wall. Whereas RCCs are found preferentially in the layers of the bowel wall corresponding to the invasive front of the tumor based on the clinical and pathologic assessment of the tumor, the distribution of RCCs in the bowel wall is independent of the clinical or pathologic lymph node status. the findings of this study confirm previous observations that many patients with tumor eradicated from the mucosa and submucosa in response to CRt still have RCCs in different layers of the bowel wall 20 ; but, to our knowledge, ours is the first study to systematically analyze the distribution of RCCs in the different layers of the bowel wall in patients who have rectal cancer treated with CRt. We found a correlation between cT and ypT, and cT2 tumors were more likely to have a pCR after CRt in comparison with ct3 or t4 tumors. a similar pCR rate for ct2 tumors has already been reported in the literature. 21, 22 therefore, it was not surprising to find that the distribution of RCCs in the bowel wall according to ct was similar to the distribution by ypt. however, the distribution of RCCs in the bowel wall was independent of cn and ypn, suggesting that tumor response in the bowel wall is probably more dependent on local factors related to the depth of tumor penetration than on the aJCC stage (ii or iii). the high rate of the primary tumor response to chemotherapy and radiation in patients with stage iV disease seems to confirm this observation. the distribution of RCCs in the bowel wall was not significantly different by TRG.
our findings are important because they highlight the limitations of clinical examination and imaging techniques to assess tumor response, and they offer insight into developing new strategies to identify patients with pCR. Clinical examination is particularly unreliable to identify patients with a pCR after CRt. although many patients with a cCR have a pCR, most patients with a pCR do not meet the most recent criteria for cCR. 10, 14 Consequently, a "wait and watch" protocol based on clinical criteria, blanching of the mucosa, telangiectasia, and nonulceration, will not identify many patients with a true pCR. the identification of all patients with a pCR in the bowel wall will most likely require a biopsy of the tumor site in patients with significant tumor regression in response to CRt. 14 our data suggest that a superficial sampling of the mucosa and submucosa obtained with an endoscopic biopsy will fail to detect cancer cells in at least 25% of patients with ct2 tumors and more than 40% of patients with ct3/t4 tumors. instead, a full-thickness biopsy of the muscularis propria will provide adequate sampling for all rectal cancers treated with CRt. similarly to previous studies, [23] [24] [25] we found that 2 of the 42 (5%) patients with no residual tumor in the bowel wall had residual tumor detected in the lymph nodes. although the number of patients is relatively small, the inability to accurately identify these patients before surgery remains one of the main hurdles to the implementation of the ultimate reasons for the differences in the distribution of RCCs in the rectal wall after CRt are unknown, but they are most likely related to heterogeneous tumor response to the genotoxic insult within the tumor. Colorectal cancer is characterized by genetic instability that results in the accumulation of activating mutations or amplifications of oncogenes and inactivating mutations and deletions of tumor suppressor genes. 26, 27 the accumulation of different genetic alterations results in phenotypic tumor heterogeneity through clonal evolution and selection. [26] [27] [28] this intratumor heterogeneity is best exemplified at the invasive front that is considered more biologically active than the center of the tumor. 29-31 a number of studies have shown different protein expression profiles at the invasive front in comparison with other regions of the tumor. [28] [29] [30] [31] [32] [33] [34] it is possible, therefore, that differences in the genetic and molecular profile at the invasive front of the tumor may be responsible for the differences in response and the distribution of the RCCs observed in our study. a different dimension of the phenotypic heterogeneity is the existence of cancer stem cells that have been considered responsible for tumor resistance to therapeutic intervention. 35, 36 the preferential location of cancer stem cells at the invasive front could also explain the distribution of the RCCs in the bowel wall after CRt. 36, 37 alternatively, the differences in response to therapy may not depend on the cancer cells themselves, but on the tumor microenvironment. the effect of radiation depends on adequate tissue oxygenation, and the delivery of chemotherapy agents requires adequate blood supply. 38 it is possible that the portion of the tumor located close to the submucosa, the most highly vascularized layer of the GI tract, may respond better than parts of the tumor located near to less vascularized tissues. 38 finally, it is possible that heterotypic signaling between tumor and various stromal cells present in the different layers of the bowel wall may contribute to variation in response and ultimately to the differences in the distribution of RCCs in the rectum and perirectal tissues. 39, 40 however, it is currently not known which stromal factors derived from the microenvironment may contribute to response to chemotherapy. further investigation addressing the mechanism contributing to the difference in tumor response across the bowel wall may provide additional insight as to how to improve rectal cancer response to CRt.
the limitations to our study deserve mention. Patients included in this study were treated according to 3 different neoadjuvant protocols. 17, 18 Patients receiving consolidation chemotherapy (2 or 4 cycles of mfolfoX-6 after CRt) after CRt had a slightly higher, although not significantly different, pCR rate in comparison with patients receiving CRt alone. it is possible, therefore, that the study may be underpowered to detect small differences between SGs, both in the pCR rates and in the distribution of RCCs in the different layers of the bowel wall. therefore, although the purpose of the study was not to compare the pCR rates between SGs, the possibility that the study may be underpowered cannot be excluded.
CONCLUSION
Rectal cancer response to CRt is heterogeneous within the tumor, and RCCs are preferentially located close to the invasive front of the tumor. a significant number of locally advanced tumors do not have RCCs in the mucosa or submucosa after CRt. for a biopsy to provide useful information about the tumor response in the bowel wall, it must include the muscularis propria. these findings should be taken into consideration when designing strategies to identify patients who may benefit from a "wait and watch" approach after CRt. they may also help direct the efforts to understand the mechanisms of rectal cancer resistance to neoadjuvant CRt.
ACKNOWLEDGMENTS
the authors thank nicola solomon, Ph.D., for assistance in writing and editing the article. the authors acknowledge the timing of Rectal Cancer Consortium for providing the specimens used in the study. Participating Investigators: W. Donald Buie, m.D., university of Calgary, British Columbia, Canada; theodore Coutsoftides, m.D., st. Joseph hospital, orange County, Ca; David Dietz, m.D., Cleveland Clinic foundation, Cleveland, oh; alessandro fichera, m.D., university of Chicago medical Center, Chicago, il; Daniel herzig, m.D., oregon health & science university, Portland, oR; steven hunt, m.D., 
